The commercialization of 32 nm lithography has been made possible by using double patterning, a technique that allows for an increased pattern density, potentially, through resist freezing and high precision pattern registration. Recent developments in directed self assembly (DSA) also uses resist freezing for stabilizing positive tone resists used in graphoepitaxy. We have developed a method of patterning an open source, positive tone EUV resist using electron beam lithography (EBL), and studied a novel way of freezing a positive tone EUV photoresists through electron beam induced crosslinking. Through metrological analysis, crosslinked pattern was observed to retain consistent critical dimensions (CD) and line-edge roughness (LER) after they were annealed at temperatures higher than the glass transition of the photoresist. This process has been used to freeze patterned EUV photoresists, which have been subsequently used for directed self assembly of PS-b-PMMA and has potential applications in double patterning in an LFLE scenario.
INTRODUCTION
Despite the fact that a number of next-generation lithography techniques are capable of achieving higher resolution patterning than conventional optical lithography, challenging issues such as processing throughput, materials, resolution and performance have yet to be met. To date, double patterning based on 193 nm immersion lithography is arguably the most feasible option for 32 nm and possibly the upcoming 22 nm nodes [1] .
Several process flows have been proposed for double patterning, including litho-etch-litho-etch (LELE) [2] , litho-freezelitho-etch (LFLE) [3] and dual-tone development [4] . LFLE is now the leading double patterning technique, due to its lower cost of ownership, which is in part due to fewer fabrication steps. Resist freezing in double patterning is often achieved by coating of patterned lines with a resist freezing agent, or by optically crosslinking the patterned layer prior to deposition and patterning of a second resist.
The development of dual-tone resists and resist freezing have enabled investigations of graphoepitaxial directed self assembly (DSA) of block copolymers (BCP) in conjunction with positive-tone-resists [5] . BCPs are well known for their ability to form highly ordered morphologies, such as lamella and cylinders, depending on the degree of immiscibility and the volume fractions of the respective blocks [6] . structures and control of surface chemistry to induce orientation of the BCP [12] , while chemical patterning utilises the wetting of designated blocks with chemically patterned and modified surfaces [13, 14] .
In DSA research, many challenging issues remain, such as solvent interactions, resist degradation and deformation due to high-temperature annealing, as well as solvent annealing processes having limited use when used in conjunction with positive tone resists [5] .
Poly(styrene)-b-Poly(methyl methacrylate) (PS-b-PMMA) is one of the most studied block copolymer systems for DSA, where lamella domains as small as 30 nm have been obtained experimentally [15] . Previous studies of graphoepitaxy of PS-b-PMMA have often used templates made from silica, or inorganic resists such as hydrogen silsesquioxide (HSQ), to enable high-temperature annealing processes to be performed. Often high temperatures are required for the formation of well-ordered phase-separated morphologies in certain BCPs. With annealing temperature above 170 °C [16] and no negative-tone 193nm or EUV resists commercially available, the application of resist freezing of positive-tone resists can provide alternative solutions to allow graphoepitaxy processes suitable for many lithographic applications. Furthermore, crosslinking of resists is known to enhance etch resistance and mechanical stability for the subsequent fabrication processes.
In this work, we studied patterning of an EUV resist using electron beam lithography (EBL), and subsequent freezing using an electron beam. The optimisation of resist freezing was assessed by the metrological analysis of crosslinked patterns that were annealed at temperatures higher than the T g of the resist. Highly crosslinked resists were found to be able to sustain high temperature annealing and washing with a good solvent, while CD and LER remained essentially unchanged. These processes enabled DSA studies of PS-b-PMMA using a positive tone EUV resist.
EXPERIMENTAL EUV resist patterning using EBL
EUV resist templates were fabricated using EBL. The complete fabrication processes for resist templates and DSA are summarised in Figure 1 . In terms of DSA template fabrication, a 7 nm surface energy modifying layer (SEML) was crosslinked onto the Si wafer, prior to the deposition of the EUV resist (TER60). The SEML was a statistical random copolymer of styrene, MMA and 5 wt% of glycidyl methacrylate (GMA) (PMMA-r-PS GMA), where the final polymer had a molecular weight of 25 kg/mol, a molar mass dispersity (Đ m ) of 1.5 and contained 66.4% PS.
A 0.5 wt% solution of the random copolymer in anisole was prepared with 10 wt% of triphenylsulfonium triflate, a photoacid generator (PAG) relative to the random copolymer. Upon irradiation of photoacid generated from the PAG and during the bake step this facilitates crosslinking of the epoxide groups of the GMA and chemical grafting onto the native SiO 2 layer of the Si wafer. Specifically, the SEML was crosslinked onto Si wafer by thermally annealing at 120 °C for 60s and 180 mJ/cm 2 of UV flood exposure (λ = 320nm), followed by the removal of excess SEML through rinsing with toluene. 
Electron Beam Induced Resist Freezing
Raith-150, n turnkey electron beam lithography instrument from Raith GmbH was used for crosslinking of TER60 resist. An electron beam current of 1 nA at 10 kV was used to study the effect of resist freezing, while maintaining a reasonable throughput over large scan sizes (300 µm by 300 µm). Patterned TER60 was exposed to an electron beam at 10 kV for doses of up to 1300 µC/cm 2 , followed by annealing on a hot plate at 180 °C for 15 mins. SEM measurements including CD and LER were carried out before and after resist freezing and high temperature annealing. These measurements were carried out using SUMMIT v7.1, an SEM metrology tool from EUV Technology, using polynomial edge detection algorithm and a threshold value of 0.48.
Graphoepitaxy of PS-b-PMMA
Symmetrical (50% volume fraction) PS-b-PMMA with 45 kg/mol purchased from Polymer Source Corporation was used for the DSA of TER60. After the resist freezing, 1 wt% of PS-b-PMMA in anisole was spincoated on a patterned sample, followed by annealing on a hot plate at 180 °C for 15 min. High resolution SEM was carried out using Raith-150 at 2 kV using a working distance of 3 mm.
RESULTS

EUV resist freezing
In order to facilitate graphoepitaxially enhanced DSA processing, we studied the crosslinking of TER60 resist using an electron beam source. Figure 2(a) shows the chemical structure of a TER60 resist formulation that has a high percentage of aromatic groups. The schematic for the formation of crosslinked networks for aromatic resists (Figure 3 ), can be understood as the combination of primary radicals [17] produced after electron beam exposure.. We found that during the patterning of TER60, crosslinking becomes the dominant mechanism, as opposed to chain scission, at higher doses (above ca. 300µC/cm 2 ), where negative-tone resist behaviour was observed from roughly six times higher electron dose than the clearing dose at 10 kV. Figure 4 shows the initial observation of resist freezing after high temperature annealing and washing with a good solvent for the uncrosslinked resist. The selected annealing temperature was the same as the temperature required for lamella formation of PS-b-PMMA on an SEML, which is significantly higher than the T g of TER60 (126 °C, determined by DSC). Regions that were not crosslinked by EB were found to undergo resist degradation and pattern collapse, whereas regions that contain patterns that were crosslinked by EB were found to sustain high temperature annealing without loss of the pattern fidelity. 
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CONCLUSIONS
Resist freezing has been studied extensively in recent years, enabling the use of double patterning for the 32 nm node and graphoepitaxy using positive-tone resists. We report a novel method for crosslinking of JSR's TER resists using an electron beam source. The resists were patterned with EBL, followed by crosslinking with an optimised EB dose. The LER of the frozen pattern after annealing at 180 °C was found to reduce as the freezing dose was increased. When the resist was crosslinked using a dose of 1300 μC/cm 2 , the LER values after annealing were found to be consistent with the LER of the pattern before freezing and annealing. In order to test positive-tone resist based graphoepitaxy using TER60, PS-b-PMMA was deposited into the template. After annealing at a temperature that was significantly higher than the T g of the uncrosslinked TER60, perpendicular lamella phase separation within the resist pattern was demonstrated. This indicated that the directed self assembly and graphoepitaxy using a low T g positive-tone EUV resist can be made possible with such an application of resist freezing.
